ABSTRACT-We hypothesized that broad-scale expression profiling would provide insight into the regulatory pathways that control gene expression in response to stress and potentially identify novel heat-responsive genes. HEp2 cells, a human malignant epithelial cell line, were heated at 37-C to 43-C for 60 min to gauge the heat shock response, using as a proxy inducible Hsp70 quantified by Western blot analysis. Based on these results, microarray experiments were conducted at 37-C, 40-C, 41-C, 42-C, and 43-C. Using linear modeling, we compared the sets of microarrays at 40-C, 41-C, 42-C, and 43-C with the 37-C baseline temperature and took the union of the genes exhibiting differential gene expression signal to create two sets of ''heat shock response'' genes, each set reflecting either increased or decreased RNA abundance. Leveraging human and mouse orthologous alignments, we used the two lists of coexpressed genes to predict transcription factor binding sites in silico, including those for heat shock factor (HSF) 1 and HSF2 transcription factors. We discovered HSF1 and HSF2 binding sites in 15 genes not previously associated with the heat shock response. We conclude that microarray experiments coupled with upstream promoter analysis can be used to identify novel genes that respond to heat shock. Additional experiments are required to validate these putative heat shock proteins and facilitate a deeper understanding of the mechanisms involved during the stress response.
INTRODUCTION
The heat shock, or stress, response was discovered in 1962 with the description of a set of genes whose expression was induced by different types of environmental and pathological stresses (1) . Cellular stresses can be divided into two general categories: environmental stresses (e.g., heat shock, heavy metal, and oxidative stresses) (2, 3) and pathological stresses (e.g., I/R, inflammation, and mutant proteins associated with genetic disorders) (2, 3) . Since its discovery, the heat shock response has been shown to be ubiquitous and highly conserved, exhibiting similar behavior in bacteria, plants, and animals. This response serves as a cellular defense mechanism for a wide range of threatening conditions. To achieve this, the genes induced by a heat shock stimulus, termed heat shock proteins (HSPs), serve as molecular chaperones assisting a wide range of proteins in folding and preventing the appearance of misfolded proteins during times of stress (4, 5) . More recently, HSPs have been linked to a variety of physiological processes such as the cell cycle, cell proliferation, differentiation, and apoptosis (6Y8).
The stress response has been extensively studied as a mechanism for inducible eukaryotic gene expression and cytoprotection (2, 3, 9Y13) . Subsequently, researchers have identified a promoter element, termed a heat shock element (HSE), which is essential to initiate the transcriptional response to stress. The HSE consists of inverted repeats of the binding site (5 ¶-nGAAn-3 ¶) and can be positioned at various distances upstream of an HSP gene's transcriptional start site. In humans, three heat shock transcription factors (HSFs) that bind to HSEs have been identified: HSF1, HSF2, and HSF4 (14, 15) . In the induction of the cellular stress response, HSF1 is the principle factor and is ubiquitously expressed (15) . Heat shock transcription factor 2 is mainly activated during specific stages of development, and HSF4 is only expressed in specific tissues and can act as a repressor of stress-induced gene expression (14, 15) .
We hypothesized that high-throughput technology coupled with contemporary bioinformatics can be used to survey the human heat shock response to identify novel HSPs. In this study, we surveyed the human epithelial cell's response to heat shock in vitro by measuring genome-wide transcriptional changes. From these data, we constructed a list of coexpressed genes that served as a source for upstream promoter regions during our search for putative heat shock regulatory elements. Thus, we provide a computational strategy and evidence suggesting that 15 of the genes identified are novel heat shock responsive proteins.
Minimal Essential media with Earle's BSS and 2 mM l-glutamine supplemented with 10% fetal bovine serum (Gibco Laboratories, Grand Island, NY), 1% nonessential amino acids (Gibco), and 1.5 g/L sodium bicarbonate. The cell cultures were maintained at 37-C in a humidified incubator in an atmosphere of 5% carbon dioxide and 95% air and passaged at a 1:3 ratio with trypsin every 5 to 7 days.
Heat shock and RNA extraction
After growing to confluency, cells were heated for 60 min in an incubator at 37-C, 38-C, 39-C, 40-C, 41-C, 42-C, or 43-C as measured by a sterile probe placed into each plate's media. After heating, media was removed and ice-cold phosphate-buffered saline (PBS) immediately added, and cells were scraped from plates and put into 1.5-mL centrifuge tubes and pelletted. Phosphate-buffered saline was removed and replaced with 1 mL of TRIzol and vortexed vigorously (Invitrogen, Carlsbad, Calif) for 5 min. RNA was then extracted as per manufacturer's protocol. RNA integrity was assessed by an Agilent Bioanalyzer 2100 machine (Agilent Technologies, Waldbronn, Germany).
Protein isolation
Whole cells were rinsed twice with ice-cold PBS and placed in 1 mL ice-cold hypotonic lysis buffer containing phenylmethanesulfony fluoride (10 mM Tris-HCL, pH 7.5, 10 mM NaCl, 1 mM EDTA, 5% Triton, 02% NaN 3 ) with 1 mM phenylmethanesulfonyl fluoride at 4-C for 30 min and then passed through a 21-gauge needle. The cell lysate was incubated for 30 to 60 min on ice and was then centrifuged for 20 min at 16,000g at 4-C. The supernatant was removed and stored at j20-C.
Western blot analysis and quantification
Protein quantification was carried out using a bicinchoninic aid assay (Sigma Chemical, St. Louis, Mo) and a DU Series 600 spectrophotometer (Beckman, Fullerton, Calif). Protein (40 2g) from each sample was mixed with equimolar sample buffer (2% sodium dodecyl sulfate, 0.0625 M of Tris base, pH 6.9, 10% glycerol, 5% 2-mercaptoethanol, and 1% bromophenol blue) and then heated to 90-C for 5 min and loaded onto a 7% sodium dodecyl sulfateYpolyacrylamide gel (Bio-Rad, Hercules, Calif) and run for 2 h at 100 V per gel. Electroelution onto a nitrocellulose membrane (Amersham, Arlington Heights, Ill) was performed using buffer containing Tris-glycine, 0.1% sodium dodecyl sulfate, and 20% methanol at 100 V for 1 h. Immunodetection was performed after placing the membrane in blocking buffer containing 5% nonfat dried milk in Tris-buffered saline at 4-C overnight. After the addition of membrane-blocking buffer, rabbit polyclonal antihuman Hsp70B ¶ (cat. no. SPA-756; StressGen Biotechnologies, Corp., Victoria, British Columbia, Canada) at 1:10,000 dilution, and antirabbit immunoglobulin horseradish peroxidaseYlink whole antibody from sheep (Amersham, Piscataway, NJ) at 1:3,000 dilution was used per the supplier's protocols. Protein detection was performed using a chemiluminescent reagent (Amersham). Immunoblots were analyzed using a gel documentation system (BioDensity UVP, Inc., Upland, Calif).
Cell viability
Cells were grown to confluency, and media was removed and cells were washed with PBS. In the dark, 100 2L of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT)/medium mixture (1:10 vol/vol 5% MTT solution diluted with Eagles Minimal Essential media with Earle's BSS and 2 mM l-glutamine cell media) per well was added and wrapped in aluminum foil and incubated at 37-C for 2 h. After incubation, the MTT/media mixture was removed and replaced with 100 2L of solubilizing solution (Sigma; cat. no. M-9810) to each well. The plates were again wrapped in aluminum foil and incubated at room temperature for 1 h in a dark room. Plates were read with an FL600 microplate fluorescence reader (Bio-tek, Winooski, Vt) at a wavelength of 570 nm, and the background was read at 630 to 690 nm.
Affymetrix cRNA target generation
RNA purification (RNAeasy, Qiagen), cDNA synthesis (Invitrogen), and biotinylated cRNA (Invitrogen) were all performed in accordance with manufacturer's instructions (Affymetrix, Inc., Santa Clara, Calif). Fragmented target cRNA was hybridized with U95v2 GeneChip using Affymetrix equipment at the Alvin J. Siteman Cancer Center Genechip Facility. Fluorescent signal was collected using an Affmetrix G2500A GeneArray Scanner (Hewlett-Packard, Inc., Cupertino, Calif).
Microarray analysis
GeneChip preprocessing was conducted using the Bioconductor package (16) within the R statistical programming language (http://www.R-project.org). GCRMA (a version of RMA that corrects background noise using probe sequence information) (17, 18) within the affy package was used for chip normalization. Differential gene expression was detected using Bioconductor's Limma package (19) by estimating fold changes and standard errors by comparing the replicate samples at 37-C (baseline) with the other replicate experimental samples (41-C Y 43-C) using a fitted linear model and an empirical Bayes estimator for each gene. P values were adjusted for multiple comparisons using the false discovery rate (FDR) methodology, and genes with an adjusted P value less than or equal to 0.05 were reported (20) .
Promoter analysis
A Bheat shock response[ gene list was generated by taking the union of the gene lists generated by comparisons of the 37-C (baseline) samples with the other experimental samples (41-C Y 43-C), retaining genes that demonstrated increased/ decreased changes in RNA abundance. To identify putative transcription factor (TF) binding sites 1 kb upstream from a gene's transcription start site, gene lists were submitted to the Web server Tractor for analysis (http://genomics11.bu.edu/ cgi-bin/Tractor/index.cgi) (21) . Tractor computationally identifies TF binding sites that are present in the TRANSFAC (22) and JASPAR (23) matrix databases, identifying TF binding sites that are overrepresented in a group of coexpressed genes when compared with a background set of genes chosen at random. To identify TF binding sites, Tractor scans orthologous sequences, in this case, human and mouse, with the MATCH (24) algorithm using a cutoff threshold that minimizes the identification of both false-positive and false-negative binding sites. Transcription factor binding sites are identified if they occur in the same sequence alignment position. Finally, a one-sided permutation test is used to calculate statistical significance for the enrichment of a TF binding site matrix by permuting the labels of the coexpressed and background gene sets and recalculating the test statistic based on the mean TF binding sites found per gene with each gene set, in 
FIG. 2.
Cell viability results after Hep2 cells were heated to various temperatures (37-C, 40-C Y 43-C), with the baseline temperature 37-C being assumed to have 100% viability. Cell viability demonstrated a significant negative correlation with higher heating temperatures (P = 0.035).
this case, a one-sided t test. The statistical significance of the TF binding site matrix is then calculated as the faction of permutated values that are greater than the test statistic of the nonpermuted data set. Promoter sequences were taken from the current human genome draft (March 2006, hg18, NCBI Build 36.1), and the mouse sequences were from the most current mouse genome draft (Feb 2006, mm8, NCBI Build 36). Precomputed whole genome alignments between human and mouse promoters were obtained from the University of California Santa Cruz Genome Browser (25Y27).
RESULTS

Western blot and cell viability analysis
To calibrate the response of Hep2 cells over a range of temperatures, we evaluated changes in Hsp70 protein level using a Western blot analysis. Heat shock protein 70 levels increased as temperature increased, with mean fold change more than 37-C for 40-C (53 T 1.4), 41-C (83.5 T 33.2), 42-C (114.5 T 43.1), and 43-C (134 T 38.2) (Fig. 1) . Cell viability analysis was performed to confirm that cell viability was maintained during heating (Fig. 2) . Assuming that cell viability at baseline was 100%, the percent-viable cells at 40-C (96.2% T 5.5), 41-C (94.7% T 4.4), 42-C (85.5% T 4.9), and 43-C (82.3% T 3.1) demonstrates a slight decrease in viability as temperature increased (Pearson correlation = j0.90; P = 0.035). 
Affymetrix probe sets that demonstrate increased expression (P e 0.05) during heat shock in at least one of the temperatures studied (40-C, 41-C, 42-C, or 43-C). Fold represents the Log 2 fold change in reference to the baseline temperature of 37-C. P value is the FDR-adjusted P value, and NS represents not significant, and, therefore, a fold change is not reported. Duplicated gene symbols represent different probe sets for the same gene.
Heat-induced differential gene expression
Having calibrated the cellular heat shock model, GeneChip microarray data were generated at cellular temperatures of 37-C, 40-C, 41-C, 42-C, and 43-C (U95Av2 GeneChips; 10,000 genes per microarray; three biological replicates per temperature = 15 GeneChips; GEO accession no. GSE7458).
All GeneChips met quality control criteria (91,000 genes received a Bpresent call,[ MAS 5.0 scaling factor was within 3 SDs of the mean of all chip scaling factors, 910-fold amplification in cRNA production was observed, and there were no visible GeneChip defects or artifacts). Linear models were fitted to each gene within each GeneChip using the Genes that exhibited a significant (P e 0.05) increase in mRNA expression in at least one experimental temperature (40-C, 41-C, 42-C, or 43-C) as compared with a baseline temperature (37-C). Known heat shock genes are marked with an asterisk. 
Affymetrix probe sets that demonstrate decreased expression (P e 0.05) during heat shock in at least one of the temperatures studied (40-C, 41-C, 42-C, or 43-C). Fold represents the Log 2 fold change in reference to the baseline temperature of 37-C. P value is the FDR-adjusted P value, and NS represents not significant and, therefore, a fold change is not reported. Genes that exhibited a significant (P e 0.05) decrease in mRNA expression in at least one experimental temperature (40-C, 41-C, 42-C, or 43-C) as compared with a baseline temperature (37-C). 
HSPB1
Heat shock 27-kd protein 1 
HSPA1L
Heat shock 70-kd protein 1Ylike The position of the predicted HSF1 and HSF2 binding sites that are 1 kb upstream of the genes listed. Base pair positions are given relative to the transcription initiation site, represented by a base pair designation of 0, including DNA strand designation (+, positive; j, negative).
Limma R package to estimate the variability in the data, including fold changes and standard errors. Contrasts were made between the experimental groups (i.e., 40-C, 41-C, 42-C, and 43-C) and the baseline group (37-C). Twenty-eight unique genes displayed increased apparent expression for at least one of the four temperature comparisons (i.e., 37-C vs. 40-C, 37-C vs. 41-C, 37-C vs. 42-C, and 37-C vs. 43-C). This gene list is shown in Tables 1 and 2 . The list of genes that increased in RNA abundance contains nine (32%) known heat shock genes, including Hsp70 (HSPA6) and Hsp27 (HSPB1). Nineteen (68%) of these genes have not previously been associated with heat shock induction. Tables 3 and 4 show eight unique genes that demonstrated decreased expression for at least one of the four comparisons stated above, including one hypothetical protein.
Promoter analysis
The genes from Tables 1 and 2 , all of which demonstrated increased RNA abundance with heat shock, were submitted to Tractor for promoter analysis to computationally identify HSF binding sites and other putative TF that may bind to these coexpressed genes. In this analysis, we looked at both 1 and 5 kb upstream of every gene described in Tables 1 and 2 within nonoverlapping, conserved sliding windows. Table 5 shows which genes are predicted to have the HSF1 or HSF2 heat shockYspecific binding sites, including position and DNA strand. Of the 28 genes in the list, the HSF1 binding site sequence was found within 1 kb upstream in 20 (71%) genes, 8 of which are known heat shock genes. Of those 20 sites, 13 also matched the HSF2 binding site pattern. Searching 5 kb upstream, we found HSF binding sites in all of the known heat shock genes in our gene list and in three additional genes (CCNE1, CRY1, and MGC14376), so that 24 of the 28 genes on the list contain at last one HSF binding site within 5 kb upstream of the promoter. In addition, we identified 15 additional genes that contain conserved HSF binding site sequences. Of the 546 TRANSFAC matrices used in this analysis, Table 6 shows the 13 matrices that were found to have significant enrichment (P G 0.01) in our heat shock response gene list, with HSF2 being the most significant (P = 3.3 Â 10 Y5 ), the second most significant binding site matrix being E2F, a family of TFs involved in cell cycle regulation (P = 1.7 Â 10 Y4 ), and HSF1 being third (P = 2.0 Â 10 Y4 ). Figure 3 graphically shows the alignment between human and mouse promoter regions and the predicted binding site of HSF2 and HSF1 for iHsp70 (HSP6A, NM_002155) and adrenomedullin (ADM; NM_001124). Table 7 shows the three TRANSFAC matrices that were found significantly Mean corresponds to the average number of TF matrices predicted per gene in the respective gene set. Percent represents the percent of genes in the respective gene set that have at least one TF matrix site. Mean corresponds to the average number of TF matrices predicted per gene in the respective gene set. Percent represents the percent of genes in the respective gene set that have at least one TF matrix site.
enriched (P G 0.01) in down-regulated gene list from Tables 3  and 4 , with the CP2 TF binding site having the most significance (P = 2 Â 10 Y3 ).
DISCUSSION
In this study, microarrays were used to investigate the human epithelial response to heat shock by means of whole genomic transcription analysis across approximately 10,000 genes. Additionally, heat shock response gene sets were created using a conservative threshold that was used to determine differential apparent gene expression (RNA abundance). Finally, the promoter regions 1 and 5 kb upstream of the transcription start site of these heat shock response gene sets were searched in silico for potential TF binding motifs that were enriched in the heat shock response gene set and compared with a random sample of genes. We discovered 19 genes that had not previously been reported to respond to a heat shock cellular stress. Of these 19, 15 genes contained HSF1 and/or HSF2 TF binding sites in conserved promoter positions for human and mouse, suggesting that these genes are regulated by the same transcriptional machinery that is involved with the cellular response to stress. Finally, an analysis of the up-regulated genes by an independent software package, Promoter Analysis Pipeline (28), also found HSF1 and HSF2 to be among the most highly conserved sites.
Transcription factor binding site identification remains challenging, with no solution considered to be optimal. As described herein, we favor a conservative approach, combining lines of evidence (i.e., microarray gene expression profiles and sequence homology) to aid the identification of TF binding sites. This approach reduces spurious predictions due to inexact prediction for the binding of a TF to its corresponding DNA motif. As a case in point, the promoter region for the known stress gene heat shock 70 kd protein 1A (HSPA1A; NM_005345) has been extensively studied and found to contain the HSE (the binding site for HSF1 and HSF2) j107 nucleotides upstream of the transcription initiation site (29) . In our study, we found the HSEs located at j124, j207, j217, and j337 upstream of the transcription initiation site. The discrepancy between the published HSE motif position j107 and our predicted HSE motif position j124 is due to variation in genomic sequence annotation, specifically where the transcript initiation site is located. In fact, these positions represent the same binding site sequence on chromosome 6 from 31,903,388 to 31,903,396 bp (NCBI Build 36.1, GGAATATTCC). Furthermore, the previous HSPA1A promoter analysis (29) only extended to j193 bp upstream of the transcription initiation and therefore might have missed the additional HSE binding sites further upstream that we identified at j207,j217, and j337. Corroboration of this positive control using our methods provides confidence in extending them to the characterization of unknown heat shock response genes identified in this study.
One gene of interest to the shock community, ADM, has been studied intensely since its discovery in 1993 (30) . Recent data show that it has powerful vasoactive properties (30, 31) and is important in the host response to hypoxia-induced stress (32, 33) . Herein, we show that ADM's RNA abundance is dramatically increased after heat shock, and the promoter region contains a conserved HSF binding motif at Y685 bp. This provides evidence that ADM's gene expression induction may not be specific to a specific class of cellular stress (i.e., hypoxia), but may instead function as a more generic protein involved in the cellular response to stress.
In summary, we provide a novel computational approach to mine gene expression data for putative gene regulatory motifs, providing genes responsive to heat shock as proof-ofprinciple. Additional efforts are required to validate the candidate TF binding sites for each gene and to verify that the mRNA expression changes that we observed were, in fact, due to differences in mRNA abundance and not to changes in mRNA stability, alterations in mRNA degradation rates, and the cytotoxicity due to the elevated temperature. Moreover, as new biophysical information is gained from DNA-protein and protein-protein interactions, TF binding site prediction will become increasingly precise. We expect that this will permit identification of enhancer elements that can reside greater than 100 kb from the gene's initiation site. This will afford a deeper understanding of the mechanisms involved in the induction/repression of gene expression and the genetic pathways involved in the host response to critical illness and injury.
